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ABSTRACT
Development of Seat Shock Isolation Systems
by
Erik J. Wolf
Dr. Douglas Reynolds, Examination Committee Chair
Professor of Mechanical Engineering
University of Nevada, Las Vegas
A numerical model has been created to predict the behavior of seat shock isolation
systems exposed to mine blast loading. The model is a two dimensional, five degree-offreedom, rigid body, mass-spring-damper approximation of the seat system and human
occupant. The outputs of the model are the positions, velocities, and accelerations of the
system masses, the forces of the connecting elements, such as the seat cushion force, the
load limiter force, the spinal force, and the Dynamic Response Index (DRI) based on the
pelvic z-axis acceleration.

The model has been calibrated with drop tower test data

collected by the Army Research Laboratory in Aberdeen, Maryland. The model and test
results agree within 6 % for z-axis acceleration, spine load, and DRI
Two conceptual seat shock isolation systems have been designed using the numerical
model, and their components have been assembled and partially tested in the UNLV
laboratory. B oth d esign s u se air-pneum atic seat cu sh ion tech n ology. For force lim itin g ,

one design uses coil rope spring isolators and the other uses an 8896-N (2000-lbf)
honeycomb panel force limiter. Both designs are sized to fit in current U.S. military
vehicle envelopes. The numerical model predicts the following performance indicators
iii
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when the seat designs are exposed to a peak acceleration input of 395 g’s with a duration
of 5 ms, which is typical of mine blast exposure levels. The following results were
obtained: (a) design with honeycomb force limiter - peak z-axis pelvic acceleration was
191 m/s^, spine load was 5344 N, and Dynamic Response Index was 13.1 and (b) design
with cable rope spring - peak z-axis pelvic acceleration was 179.2 m/s^, spine load was
5368 N, and Dynamic Response Index was 13.1. These levels are acceptable according to
Army and NATO recommendations for the survivability of seated crewmembers exposed
to a mine blast.

IV
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CHAPTER 1

INTRODUCTION
Military ground vehicles operating in hostile environments are subjected to a wide
variety of threats. Prominently featured among these dangers is the use of explosive
devices to injure personnel and disrupt convoys.

Anti-vehicle landmines, which are

inexpensive to manufacture, can be easily concealed and detonated in a wide variety of
ways and are a common form of explosives employed by the enemy.

Even though

vehicle armoring techniques have proven effective in reducing the penetration of shrapnel
into the vehicle interior [ 1 ], the acceleration/shock energy that is associated with a mine
blast is still transmitted through the vehicle structure to the vehicle occupants.

This

transmitted energy can cause potentially lethal injuries. Often, vertebrae in the spine or
other bones in the lower extremities are fractured [2]. Soft tissues, such as the aortal
artery, bladder, and spleen, may also be tom or ruptured. Head, brain, and neck injuries
are also common.

Additionally, a land mine strike that prevents a soldier from

continuing the fight can be just as life threatening as one that kills outright.

In order to

provide total protection from a land mine event, a method is required to reduce the
acceleration /sh ock en ergy transm itted to the v e h ic le operators through the seat.

This study will address modeling techniques, system component characterization, and
test methodology used to develop a seat system capable of protecting an occupant from
land-mine scale accelerations input at the vehicle floor.
1
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1.1 Characterization of the Mine Blast Threat
The energy transmitted to the vehicle from a mine blast can vary widely in magnitude
and duration. It is a function of many factors [3], such as the amount of explosive charge,
type of soil, depth of burial of the mine, location of the mine relative to the vehicle, and
vehicle properties (mass, material properties, undercarriage geometry). Although mines
may be oriented in any spatial axis, in practice most mines are directed upwards from
beneath the vehicle. Additionally, while the resulting pressure wave is hemispherical, the
largest portion of blast energy exists predominately in the vertical (z-axis) direction. The
standard method for quantifying the level of the transmitted force that is harmful to the
vehicle occupant is to measure the acceleration of the vehicle cabin floor. Information
provided to the research team by the Army Research Laboratory identified acceleration
pulses ranging from 2000 m/s^ to over 4000 m/s^ in magnitude, roughly triangular in
shape, and of a period ranging from 5ms to 10ms as typical of mine blast loading on a
vehicle floor. Despite these extreme levels, published research indicates that it may be
possible to devise a vehicle seat that could significantly increase the level of survivability
from a land mine event.

1.2 Energy Absorbers
The design of seats systems for the mitigation of shock energy began with fixed wing
and rotary aircraft. These seats were made to protect pilots and passengers in the event of
a crash. The methods used to reduce the transmitted shock are varied, but a common
feature to all is an energy absorbing (EA) device. An EA device can be a separate
component or may be a part of the seat structure, and its purpose is to dissipate energy via
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plastic deformation. This deformation requires some motion of the seat relative to the
vehicle interior. The distance through which the seat must move is termed the “stroke
length”. Each seat design then becomes a trade-off between the level of transmitted
energy and the position of the seat occupant inside the vehicle. A US Army Aviation
Systems Command report [4] gives examples of several different types of EA devices.
This list includes wires or straps bending around dies, tubes that crush, invert, or fold on
themselves, a rolling torus, metal rods or cables in tension, and a pulley system that
deforms its housing.
Some seat designs have made use of direct deformation of the seat structures as
opposed to external devices. This is the case with the V-22 Osprey [5]. The troop seats
in the main cabin are connected to the walls with deformable brackets. The FAA and
NASA developed a similar system for aircraft passenger seats in the early eighties [6 ]
which used composite tubes to replace some the seat understructure.
The amount of energy attenuation provided by EA devices can sometimes be adjusted
to the weight of the seat occupant. This is usually performed prior to installation in the
case of a Fixed Load Energy Absorber (FLEA) or as an adjustment made by the seat
occupant when entering the vehicle in the case of Variable Load Energy Absorbers
(VLEA). Labun and Rapaport [7] have created a system that performs this function
automatically, termed a “third generation” energy absorber for helicopter crash seats,
which they call an ASA VLEA (Acceleration-Sensing Automatic VLEA). They also
recommend using a Variable Profile Energy Absorber (VPEA) with a “notched” profile
of load vs. stroke in order to reduce dynamic overshoot and obtain the required
attenuation while reducing the overall stroking distance. Richards and Podob [8 ] in
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subsequent work evaluated a working seat system with a VPEA, achieving promising
results.
A different approach to these passive EA devices is attempting to actively control the
motion. One example is the Volvo Safety Ride Down system for passenger cars [9]. The
system basically consists of electronically controlled hydraulic dampers. Volvo states
that these shock absorbers can be adjusted every two milliseconds to provide optimum
shock performance. While this type of technology has not been applied to the extreme
case of mine blast loading, it may be possible in the future. The limiting factor with
regards to landmines is the speed of the event, approximately 5 ms for the initial blast.
No currently marketed systems were found that had response times capable of dealing
with a landmine blast.

1.3 Seat Cushions
Many EA seat systems are a collection of components that provide an overall level of
protection. While the bulk of the energy dissipation is usually attributed to an EA device,
such as those previously discussed, it is also important to consider the role of the seat
cushion. The seat cushion is a required part of the seat system, if for no other reason than
to provide some level of comfort for the occupant. Given this fact, it would be beneficial
if the cushion could add to the total energy absorbing mechanism.

In the past, seat

cushions have been treated as a necessary evil in terms of shock acceleration. Research
on aircraft seat ejection systems demonstrated that a seat with a foam-filled cushion often
performed poorer than when no foam-filled seat cushion was used [10]. The foam-filled
cushions used in these tests normally contained high-density foams, which were
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necessary to support the weight of the seat occupant. These seat cushions were stiff and
had limited compressibility before they became solid, allowing high acceleration levels to
reach the seat occupant. In some cases, the seat cushion generated an amplification of the
acceleration measured at the seat occupant interface. This was due to the buildup of input
energy during the time it took to compress the cushion before solid impact with the
occupant.
In spite of these initial, discouraging results, some research indicates that a different
type of seat cushion could be effective in the reduction of acceleration levels. In 2001,
Naasz [11] presented a paper in which a lumped parameter model of an EA seat and
occupant was developed.

Here, the seat cushion was treated as an additional mass-

spring-damper between the seat pan and occupant pelvis. An experiment was conducted
with six different typical aircraft seat cushions (fabric over foam) in a drop cage test
facility to show the impact of the cushion on lumbar loads. The results showed that seat
cushions can reduce these loads, but usually at the expense of stroking distance. Other
seat cushion material designs, such as the air-pneumatic cushion discussed later in the
document, can effectively utilize the stroke length inherent to the seat cushion and may
greatly reduce the level of the transmitted acceleration as well as lumbar loads.

1.4 Air Bladder Concept
A n ew seat cu sh ion con cep t is b ein g in vestigated at U N L V that u ses an en cap su lated

air bladder with low density foam. This cushion has a bottom and a back section. A few
of the possible advantages to using this type of seat cushion are:
o

The cushion thickness adds stroke length for acceleration reduction.
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o The flexible air bladder will create an even force distribution on occupant,
o Air cushions have the physical properties of low initial stiffness and high final
stiffness under compression, similar to an energy absorbing device,
o The air cushion proposed has a bottom and back section, providing protection in
the front to back and vertical directions,
o The force transmitted to the occupant by an air cushion is rate dependant on the
input acceleration at the seat pan, due to damping caused by internal air
movement from the bottom to the back section of the cushion,
o The air cushion will have limited spring back.
o The air cushion may also have enhanced ride-comfort when exposed to rough
road conditions over a traditional foam cushion.

1.5 Mathematical Models
Several mathematical models have been developed to simulate the response of seat
systems to shock inputs. While many complex, finite element models have been created
for seat systems and human occupants, it is often practical to use more simple methods to
approximate the seat-human body interaction. The analytical models most prominent in
the literature are single-axis rigid-body models that use springs and dampers to
approximate seat system components. Many models have been used in connection with
off-road v eh icles.

O ne exam p le o f a rigid b od y m od el for seat system s w as created b y

Choy and Wereley [12]. This model was used to predict the response of a seat system
with magnetorheological damper for off-road vehicles. A unique feature of this model
was a separate mass-spring-damper connected to the upper torso to model the human
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viscera. Another model that was developed by Naasz [11] for helicopter seats is a fivecomponent, single-axis, mass- spring- damper system. The seat cushion is represented by
a mass with a linear spring and damper connected to the seat pan. An additional spring
and damper used to model the occupant buttocks is attached to the top of the seat cushion
mass.
The rigid body models available in the literature are restrained to single-axis vertical
motion.

Input energy from road vibration or land mine events is assumed to be mostly

present in the vertical direction; therefore, the reduction of acceleration in the vertical
direction has been the target for current seat system designs. While this may be generally
true, angular deflections of the body in the seat can lead to energy being transferred into
the horizontal (eyes-forward) direction.

This can result in significant errors in the

prediction of the vertical axis acceleration values.
Finite element models are available to create full, three-dimensional seat system
models These models often require the use of very expensive commercial software. They
are often cumbersome to modify, calculation intensive, and require very long run times to
achieve a system response for a time interval of only a few milliseconds.

1.6 Seat System Configurations
A two-dimensional rigid-body model developed during this project that simulates a
seat sh ock isolation system w ith a hum an occupant is presented in Chapter 3. T hree

configurations of the seat shock isolation system using the air bladder concept were
investigated:
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o

Seat shock isolation system with only a seat cushion air bladder present in the seat
pan;

o Seat shock isolation system with a seat cushion air bladder present in the seat pan
and cable rope springs used to support the seat pan; and
o Seat shock isolation system with a seat cushion air bladder present in the seat pan
and a traditional force limiter installed beneath the seat pan.
Cable rope springs were selected because they will result in minimum “spring-back” after
they have been fully compressed. Aluminum honeycomb panels were selected for the
load limiter because they result in a simple load limiter configuration. They can also be
used to validate the effectiveness of a load limiter.

Honeycomb panels have well

documented force-deflection curves that are relatively flat over 80-90% of the thickness
of the panel.
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CHAPTER 2

INJURY ASSESSMENT
Before any mine blast attenuating seat system can be designed, vehicle occupant
injury criteria must be specified. Injury criteria define numerical relationships between
measurable engineering parameters that define specified loads to various parts of the
human body and the potential for injuries these loads may cause [2]. These criteria are
necessary to specify acceptable shock levels that the body can experience without causing
serious injuries. These acceptable shock levels then become the design goals for the seat
system. Injury criteria that will be covered in this section include the following body
areas: (1) foot, ankle, and leg; (2) pelvis and spinal column; (3) head and neck; and (4)
chest and abdomen. Even though the mine blast attenuating seat system that will be
recommended by this study will be designed to only reduce the potential for vertical
compressive spine injuries, the other potential injury modes are presented to give a fairly
complete overview of the different injury modes that vehicle occupants can experience
when exposed to a mine blast.

2.1 Abbreviated Injury Scale
When assessing injury potential, the threshold limit defines the cutoff number that
exposure must be below for a particular injury metric. It is also useful to know how the
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potential for injury approaches the upper limit and how severe the injury might be.
Often, a risk curve is generated for medical data to quantify the risk potential and severity
of an injury below the threshold value. Figure 1 gives examples of typical risk curves
that can be applied to spinal injury. The particular curve selected corresponds to an injury
severity coding, which is given in Table 1. Several of the injury metrics presented in the
following sections refer to the AIS scale when describing the severity of potential injury
when the threshold limit is reached.

100 —

-

AIS 1

A IS 3,

AIS 6

SO — -

25% AIS 1

50% AIS 3

Injury Criterion

Figure 1 Typical Injury Risk Curves

Table 1 Abbreviated Injury Scale Codes
Injury Description
Minor
Moderate
Serious
Severe
Critical
Maximum (currently treatable)
Unknown

AIS Code
1
2

3
4
5
6

9

10
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2.2 Foot, Ankle, Leg, and Knee Injury Criteria
A study completed by Hirch [13] and also reported by Axelsson et. al. [14] indicates that,
for shock pulses similar to the one shown in Figure 2 that have a duration of less than 10
ms, the tolerance limit for the potential onset of foot/ankle/leg injuries for a stiff-legged
standing man is a peak velocity change (V^ax in Figure 2) of 10 ft/s (3 m/s) for the
structure supporting the foot. Figure 3 shows the tolerance levels presented by Hirch and
Axelsson et. al. for a stiff-legged standing man to shock motion directed into the foot
/ankle. When the shock pulse duration is greater than 10 ms the tolerance limit increases
to a maximum peak velocity change of 40 ft/s (12 m/s). This typically corresponds to an
average acceleration (Figure 2) of 10 g’s (98 m/s^). Figure 3 indicates that foot/ankle/leg
fractures can occur when the foot/ankle tolerance limit is exceeded. A report prepared
for the army by Coltman et. al. [2] recommended that a peak shock force of 1,700 Ibf
(7562 N) to the foot/ankle is a realistic criterion for the onset of foot/ankle/leg injuries.
This report also refers to the Federal Motor Vehicle Safety Standard 208 which specifies
a maximum shock load of 2,250 Ibf (10008 N).
A criterion was presented to the US Army by Coltman et. al. to specify the
permissible peek force to the knee from a shock load. The following equations are the
femur injury criterion (FlC) that defines the permissible peak knee load to a shock input
to the knee:

F (k N ) = 2 3 . 1 4 - 0 . 7 1 * T (m s)

F(kN) = 9.90

T < 20m s

for T > 20ms.

11
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(1)

Average Acceleration

max

Average Deceleration

Time - msec
Rise Time of v.
Rise Time of Max Initial Displacement

Figure 2 Shock Motion Terminology for Figures 3 and 4 [13], 1964
100
100

Duration - msec
30 ~ 20

Injury Level
2 Cases Fracture

40% Cases Foot
or Leg Fracture

Tolerance Limit

I

100
200
Average Acceleration - g

300 400 500

1000

Figure 3 Shock Input Tolerance Levels for a Standing Stiff-Legged Man [13], 1964
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2.3 Pelvis/Spinal Injury Criteria
A study completed by Hirch [13] and also reported by Axelsson [14] et. al. indicates
that, for shock pulses similar to the one shown in Figure 2 that have a duration of less
than

2 0

ms, the tolerance limit for the potential onset of pelvis/spine injuries for a man

sitting in an upright position is a peak velocity change (Vma% in Figure 2) of 20 ft/s (4.5
m/s) for the seat structure supporting the pelvis. When the shock pulse duration is greater
than

2 0

ms the tolerance limit increases to a maximum peak velocity change of 60 ft/s

(18.3 m/s). This typically corresponds to an average acceleration (Figure 4) of 15 g’s
(147 m/s^). Figure 4 indicates that spinal injuries can occur when the pelvis/spine
tolerance limit is exceeded.
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Figure 4 Shock Input Tolerance Levels for a Seated Man [13], 1964
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The Dynamic Response Index (DRI) was developed to predict the probability of
thoracolumbar-spine fracture injury during ejection seat use [13, 14, 15]. The DRI uses a
simple mass-spring-damper system (Figure 5) with base excitation to predict the response
of an aircrew member subjected to abrupt vertical acceleration during seat ejection. The
equation of motion is given by Equation 2:

^

dt"

+ w / d(t) = n(t)
(2)

where;
□(t)

=

defection of the seat system (in., m)

□

=

damping ratio (dimensionless)

□n

= resonance frequency (rad/s)

□ (t)

=

acceleration of seat supporting the pelvis (in./s^, m/s^).

m

I
1

v(t)
Figure 5 DRI Mass-Spring-Damper System

14
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A derivation of Equation (2) is presented in Appendix 5. DRI is representative of the
maximum dynamic compression of the vertebral column. The DRI model assesses the
response of the human body to transient acceleration-time profiles. The equation for
computing the DRI is:

DR1=

w ^ cT
" ^
g

(3)

where:
□ m ax

=

maximum defection of the seat system (in., m).

The DRI value is obtained by solving equation (2) for a known seat acceleration signal,
D(t), for the case where Dn equals 52.9 rad/s (8.4 Hz), □ equals 0.224, and g is the
acceleration of gravity (386 in./s^, 9.8 m/s^). The solution to equation (2) gives ômax (in.,
m), the maximum displacement of the system. This is used in equation (3) to determine
the DRI value. Figure

6

shows a plot of the spinal injury rate (%) as a function of DRI

[13,18]. A DRI value equal to 16 corresponds to a 1% risk of a detectable fracture to the
spine based on operational experiences.

15
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Figure 6 Spinal Injury Rate as a Function of DRI for
Aircraft Seat Ejection Events [18], 2000

Federal Aviation Regulation 29 requires the axial compression force measured
between the pelvis and lumbar spine not to exceed 1,500 lb (6,672 N) to be considered
safe [18]. Table 2 lists the lumbar spine tolerance levels recommended by the US Army.

Table 2 Lumbar Spine Tolerance Levels Recommended by the U.S. Army
Vehicle Occupant Size (Percentile)

Lumbar Load Tolerance
(lb)
1,281
1,610
2,065
2,534

5“ Female
50“ Female
50“ Male
95“ Male

16
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The Eiband criterion is used to predict the potential for whole body injuries
associated with exposure to whole body shock events [16, 17, 18]. The information
shown in Figure 3, for a standing stiff legged man, is based on both animal and human
experiments by the National Aeronautic and Space Administration. The figure is most
reliable for predicting injury potential for long-term shock events. Figure 7 (see next
page) suggests that the vertical peak acceleration for short-term shock inputs to the pelvis
should not exceed 15 g’s.
Another report prepared by the US Army [19] indicates that forward (longitudinal)
pelvic acceleration exceeding 40 g’s (392 m/s^) for more than 7 ms or lateral (transverse)
or upward (vertical) pelvic accelerations exceeding 23 g’s (225 m/s^) for more than 7 ms
are considered to cause immediate and complete incapacitation for military tasks.
Lumber spine bending moments in excess of 10,932 in.-lbf (1235 N-m) in forward
flexion, 3,276 in.-lbf (370 N-m) in rearward extension, and 5,976 in.-lbf (675 N-m) in
lateral bending, regardless of duration, are predicted to cause immediate and complete
incapacitation for military tasks.

2.4 Head Injury Criteria
Head injury assessment is based on head accelerations [18].

Peak levels which

exceed 150 g’s (1,471 m/s^) for more than 2 ms are expected to cause a concussion with
im m ediate and co m p lete incapacitation for m ilitary tasks.

T h e H ead Injury C riterion

(HIC) is used to assess the potential for head injuries associated with exposure to sudden
shocks. The HIC is calculated by Equation (4).

17
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Figure 7 Duration and Magnitude of Vertical Acceleration (Eiband) [18], 2000

HIC= ( t , - t j

a (t)dt
*2 -

*>

(4)

where;
ti, t2

=

the initial and final times during which HIC attains a maximum value

a(t)

=

the resultant acceleration measured at the head’s center of gravity [18].

FMYSS 208 sets a maximum allowable HIC value of 1,000 [2]. It also specifies that the
time interval between tj and t%shall not exceed 36 ms. Studies suggested that a reduction
in HIC from 1000 to 800 would result in an estimated reduction of 21.7% in the risk of
skull fractures [18]. The maximum HIC value of 1000 set by FMYSS 208 corresponds to
a 16% risk of life threatening brain injuries [18]. The HIC duration should be limited to
15 ms or less for the calculation of the HIC value for a given head acceleration-time

18
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history. Figure 8 is a plot for an average acceleration and corresponding HIC times for
cadaver head impacts and human volunteer interaction with an air bag [18].
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Figure 8 Average Acceleration and Corresponding HIC Times for Cadaver Head
Impacts and Human Volunteer Interactions with an Air Bag [18], 2000

Two other criteria can be used to evaluate the potential for head injuries. According
to a hypothesis developed by Holbum [21] and reported by Coltman [2], shear stresses
induced by head rotation can produce concussions. Coltman also reported that
Komhauser [22] proposed a relationship between damaging rotational head velocity and
damaging rotational head acceleration. The relationship is:

dq
dt

d^q/dt^
w„

(5)
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where:
d0/dt

=

the damaging rotational velocity (rad/s)

d^O/dt^ =

the damaging rotational acceleration (rad/s^

cOn

the resonance frequency of rotation of the brain.

=

The second criterion for assessing the potential for head injuries is the Severity Index
(SI). It was proposed by Gadd [23] and reported by Coltman [2]. The severity index, SI,
is given by:

SI=

‘'a "(t)d t

(6)

where:
a(t)

= the acceleration as a function of time

n

= the weighting factor greater than 1, and t is the time.

The exponent n is 2.5 for facial and head impacts.

A severity index of 1,000 was

proposed by Gadd [23] for danger-to-life threshold from head injuries in frontal impacts.
Severity index values exceeding 600 produced concussion in head impacts sustained by
U.S. Army aircrew members in aircraft accidents [2].

2.5 Neck Injury Criteria
The likelihood of neck injury involves the neck axial (F%) and shear (F%) forces and
neck bending moments (M% and

M y).

Neck bending moments in excess of 1680 in.-lb

20
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(190 N-m) in forward flexion, 504 in.-lb (57 N-m) in rearward extension, and 924 in.-lb
(104 N-m) in lateral bending, regardless of duration, are predicted to cause immediate
incapacitation for military tasks [18]. The Neck Injury Criterion (NIC) is given by [18]:

Fzn

(7)

where:
Fz

=

upper neck axial force (N)

My

=

moment about occipital condoyle (N-m)

Fzn

=

axial force critical value (N)

Myn =

moment critical value (N-m)

2.6 Chest Injury Criteria
Chest injury is assessed based on the resultant chest acceleration, measured at the
center of gravity of the upper torso of the mannequin. Resultant chest accelerations
greater than 70 g,s (686 m/s^) are likely to cause serious thoracic injury when the
acceleration pulse time interval is grater than 3 ms [24]. Dillon et. al. [20] suggests that
chest accelerations of 40 g’s (392 m/s^) sustained for more than 7 ms can have a high risk
of thoracic trauma and are scored as complete and immediate incapacitation for military.
Latest studies showed that a 40% of maximum chest compression corresponded to a
50/50 chance of the occupant sustaining AIS 4 or greater chest injury.

AIS is the

Abbreviated Injury Scale and was developed as a comprehensive system for rating
injuries by types and severity that would be acceptable to physicians, engineers, and
21
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researchers working in automotive crash investigations.

Also, it was shown that an

impact producing a peak viscous response (the product of the velocity of deformation
times the instantaneous compression) of 1.3 m/s had a 50/50 chance of inducing thoracic
injury of AIS 4 or greater. An impact producing a peak viscous response of 2 m/s had a
50/50 chance of inducing cardiac rupture. Figure 8 shows the relationship between AIS
injury rating and normalized chest deflections [2].
The thoracic trauma index (TTI) has been proposed as the human tolerance criterion
[IS]. The TTI is given by:

T T I = t ( G , + 0 ^ ,)
(8)

Fatal 6

Critical
(Survival 5
Uncertain)
Unrestrained Back Data

Severe (Life
Threatening, 4
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g
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Figure 9 AIS Injury Rating Versus Normalized Chest Deflection [4], 1989
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Gr

is the greater of the peak accelerations of either the upper or lower rib in g’s, and

G ls

is the lower spine peak acceleration in g’s. Figure 10 shows a comparison of AIS > 4
probability for left- and right-side impacts [2].

2.7 Abdominal Injury Criteria
Studies have shown that the liver is the most commonly injured abdominal organ.
Lau and Viano found that a viscous response of 1.4 m/s had a 50/50 chance of causing
severe laceration of the liver (AIS equal to or greater than 5) in the fore/aft direction [2].
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2.8 Mine Blast Injury Criteria
Table 3 gives a summary of landmine injury criteria proposed by Axelsson [14]. Table 4
gives a summary of landmine injury criteria proposed by Alem et. al. [25]. Figure 11
gives a summary of the recommended injury criteria for vehicles exposed to landmines
that is presented in the U.S. Army’s Occupant Crash Protection Handbook for Tactical
Ground Vehicles [18].

Table 3 Landmine Injury Criteria Proposed by Axelsson.
Body P art
Brain
Neck

Chest
Lumbar Spine
Seat Design Limit

Tolerance Value

Type of Load
=

r

—

f a(t)dt

1 ,0 0 0

J

Compression
Tension
For-Aft Shear
Serious Thoratic Injury
Vertical Direction
Vertical Direction

250-900 lb
250-750 lb
250-700 lb
60 g's
1,500-1,800 lb
< 14.5 g's

Table 4 Landmine Injury Criteria Proposed by Alem et. al.
Average Acceleration < 10 g’s or
Maximum Velocity Change < 3 m/s
Average Acceleration < 15 g’s or
Maximum Velocity Change < 4.5 m/s
DRI < 16

Foot/Ankle Shock Acceleration
Pelvis/Spine Shock Acceleration
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Hybrid III Simulant
Response Parameter

Symbol
(units)*

SAE
Pitbsr

Assessment Reference Values"
150 G @2 m sec.
750, - 5 % risk of brain injury
for tî - t, < / = 15 ms *
60 G @3 ms. 40 G @7 ms

Head resultant acceleration
Head injury criterion

A(G)
HIC

CFG 1000
(1650 HZ)

Chest resultant acceleration

A (G )

Pelvis forward acceleration
Pelvis iaterai acceleration
Pelvis vertical acceleration
Seat (Pelvis) forward DRI
Seat (Pelvis) lateral DRI
Seat (Pelvis) vertical DRI
Neck shear force
Neck axial com pressive force
Neck axial tensile force
Neck iaterai moment
Neck forward flexion moment
Neck rearward extension
moment
Lumbar spine shear force

Ax(G)
Ay (G)
Az(G )
DRI - X (G)
DRI - y (G)
DRi —z (G)
Fx or Fy (N)
- Fz(N )
+ Fz (N)
Mx (N-m)
+ My (N-m)
- My (N-m)

CFG
(300
CFG
(300

Lumbar spine axial compression
force
Lumbar spine axial tension force

- Fz (N)

3800 N (30 ms), 6673 N (0 ms)

+ Fz (N)

‘ 3800 N (45 ms), 10200 N(35 ms).
12700 N (0 ms)
675 N-m
1235 N-m
370 N-m
7562 N (10 ms), 9074 N (0 ms)

Fx or Fy (N)

160
HZ)
180
HZ)

CFG 180
(300 HZ)
CFG 1000
(1650 HZ)
CFG 600
(1000 HZ)

CFG 1000
(1650 HZ)

40 G @ 7 ms
23 G @ 7 ms
23 G 0 ! 7 ms
35, 40, 46 Gx (low, med, high risks)
14, 17, 22 Gy (low, med, high risks)
15, 18, 23 Gz (low. med, high risks)
1100 N (45 ms), 1500 N (25-35 ms), 3100N (0 ms)
1100 N (30 ms), 4000 N (0 ms) '
1100 N (45 ms). 2900 N (35 msV. 3300 N (0 ms)
10S N-m
190 N-m
57 N-m
' 3800 N (45 ms), 5200 N (25-35 ms),
10700 N (0 ms)

Mx (N-m)
Lumbar spine lateral moment
CFG 1000
+ My (N-m)
(1650 HZ)
Lumbar spine flexion moment
- My (N-m)
Lumbar spine extension moment
Femur or Tibia axial compression Fz(N )
CFG 600
force
(1000 HZ)
Tibia axial compressive force
F( N)
F / Fc - M / Me < 1
CFG 600
combined with Tibia bending
M (N-m)
(1000 HZ)
Where:
moment
Fc = 36,584 N and Me = 225 N-m
* X . Longitudinal, y = Lateral.
z = Vertical
Exceeding values indicates a moderate to high risk of major Injury
' Approximately 3 4 times neck force values
* R ecom m en d ^ deviations to referenced values.
DRI = Dynamic R esponse Index:
CFG = Channel Frequency Class

Reference Chapter S. 'Physical Testing ana Data Analysis", of Final Report entitiea. 'Protection of Wheelea Vehicle Occupants
from Lantimine Effects". Land Systems Div: U.S. Army Aberdeen Test Center

Figure ll_Recommended Injury Criteria for
Landmine Testing by the U.S. Army [18], 2000

2.9 Testing and Evaluation Injury Criteria
The definitive document that summarizes the injury criteria to be used for the
purposes of design and evaluation of vehicle protection systems was recently published
b y the N orth A tlan tic T reaty O rganization [25]. T he technical com m ittees in v o lv e s w ith

this report thoroughly investigated the vehicle and occupant interaction during a land
mine strike from the perspective of body mechanics, vehicular structural behavior, and
experimental measurements. The goal of this study was to recommend test methodology
25
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for the evaluation of vehicle protection systems. It is the recommendation of the authors
of this report that the Dynamic Response Index (DRI) be the sole evaluation standard for
protection against thoraco-lumbar spine injury. Their decision is based on the fact that
only the DRI model accounts for the acceleration duration at the pelvis and has been
validated with medical data.

For the calculation of DRI, the NATO committee

recommends using the z-axis pelvic acceleration measured by an anthropomorphic test
device (ATD) placed on the vehicle seat. The variability of test results has been shown to
be at a minimum for this measurement location. When this technique is used, a tolerance
level of 17.7 for DRI will correspond to a 10% risk (AIS 2+) spinal vertebrae injuries.
This DRI threshold is only valid for spine inclinations of less then or equal to 5 degrees.
Further misalignment of the spine with the input force direction may lead to a greater
potential for injury at the same DRI level, but no supporting data is available to quantify
the increase.
For the purposes of this project, DRI was used to evaluate seat system performance,
and other values, such as pelvic accelerations and spinal loading, are reported for
completeness.

26
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CHAPTER 3

MODELING
To efficiently determine the performance of seat system components and to assist with
the development of seat concepts, a multi-dimensional computer model has been created.
This numerical model, written for Matlab, is a five-degree-of-freedom mass-springdamper (MCK) representation of seat system components and a human crewmember. A
model schematic is shown in Figure 12. Table 5 lists the physical characteristics of the
masses in Figure 12. Figure 13 shows a free body diagram representation of the model.

Table 5 Model Mass Description
Component

Description

Mass (kg)

0

Cabin floor

00

1

Seat pan

2 0

2

Legs

12

3

Pelvis

8.18

4

Upper torso

34.52

27
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»»i>x

Force Limiter

Figure 12 Model schematic

3.1 Equations
3.1.1 Constraint equations
A s sh o w n in F igure 12, the inertial reference fram e for all sy stem m a sses is a right

handed coordinate system with the z-axis positive downward and the x-axis positive to
the left.

The pelvis mass (M3 ) is allowed to rotate about the pin joint (0-axis)

28
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representing the hip in a positive counter clockwise fashion. All coordinates zero points
are set to coincide with the statically undeflected positions of the springs.

Mj9

F,

M,g

Figure 13 - Free Body Diagram

In order to relate the motion of the center of gravity (e.g.). of the pelvis mass (M 3 ) to
the motion of the e.g. of the legs (M2 ), the following constraint equations were applied.
29
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X3 = Xj H h, sin(0)

(9)

X3 = X2 + 0 h, cos(0 )

(10)

X3 = X 2 + 0 hjCOs(0 ) - ( 0 )^ h, sin(0 )

(11)

Z3 = Zg -I hi(l- cos(0))

(12)

Z3 = Z2 + 0 hj sin(0)

(13)

Z3 = Z2 + 0 h, sin(0) + (0)^h, cos(0)

(14)

The motion of the upper torso (M4 ) is related to the motion of e.g. of the pelvis mass
(M 3 ) plus the pelvis rotation. In the x-axis, the motion of the upper torso and spine
attachment point on the top of the pelvis are equal. In the z-axis, the position of the spine
attachment point on the pelvis must be calculated to determine the spring and damping
forces of the spine. The constraint equations that relate the x-axis motion of the M 4 and
the z-axis motion of spinal attachment point of M 3 to the motion of the e.g. of the legs
(M 2 ) are listed below.

X4 = X2 - h 2 sin(0)

(15)

X4 = X2 + 0 h 2 cos(0 )

(16)

X4 = X2 + 0 h j cos(0) - (0)^ h j sin(0)

(17)

Zs.iop =

(18)

2 :2

4 ^ 2 (1 - cos(0 ))

Zs.iop = Z 2 +0h2sin(0)

(19)
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^xtop = Z2 + 6 h j sin(0) + (0)^ h j cos(0)

(20)

3.1.2 Force balance equations
Newtonian force balance equations for Figure 13 result in a system of non-linear
differential equations. The resulting equations are given below.
3.1.2.1 Ml - Seat Pan

2 F,, = -M ,z , + F ^ , + F fl- F M , g = 0

(21)

where:
Ffl

=

force limiter reaction force, see section 3.3 (N)

Fci

=

seat cushion force, see section 3.4 (N).

3.1.2.2 M 2 - Legs

]

= - M 2 Z2 - F,i + Fh, + M 2g = 0

(22)

]

F,2= -M 2X 2+ F ^= 0

(23)

]

M a =M2Z2l,-M2gl,+F,il2+Mp,,^i, =J,20 = O

(24)

where:
Fci

=

seat cushion bottom force (N)
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Fhx

= reaction force at hip in x-axis (N)

Fjiz

= reaction force at hip in z-axis (N)

g

= acceleration due to gravity (9.81 m/s^)

Mpeivis = hip joint rotational spring and damper moment (N-m)
Ja2

=

rotational inertia of the mass of the legs about the hip pin.

The legs are constrained to translational motion only.
3.1.2.3 M s-P elvis

] Fz3 =
] Fx3 =

-M 3 Z 3

-

Fh,

-

F ,y ,

-HF ,_ d -HM

- M 3 X 3 - F ,2 - F h , - F ^

;g

=0

- F ,3 - M 4 X 4

(25)
-

F ,„

^ M a =-Ja3 0-(M3Z3 -M 3g)h, sin(0)-M3X3 hj

=0

(26)

c o s ( 0 ) - F ^2

+ F ._ ,h 2 s in ( 0 )- K F ,3 + F _ ) (h 2 c o s (0 ) 4 h 3 - Z 4 ) -K p ,^ 0

-

h,

(27)

C p ,^ 0 = O

where:
Fsbz

= lap belt spring force in z-axis (N)

Fsbx

= lap belt spring forces in x-axis (N)

Fsrx

= shoulder belt spring forces in x-axis (N)

Fs-d

= spring force (N) and damping force (N) in the spine (see Equation 28)
^ s-d ~

^ s p in e

( ^ 4 ” ^ 3 ,to p )

^ s p in e ( ^ 4 '

^ 3 , top )

Fc2

= cushion back force on pelvis (N)

Fc3

= cushion back reaction force on upper torso (N)

Ja3

= moment of inertia of the legs about the hip pin (kg-m^)
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(2 8 )

Kpeivis = hip spring constant (N/m)
Cpeivis =

hip damping constant (N-s/m).

3.1.2.4 M4 - Upper Torso

]

Fz4 = - M

4

Z4 + M ^g -

(29)

= 0

where:
Fsrz =

shoulder restraint force in the z direction (N).

3.1.3 System equations
When the geometric constraints are applied, hip pin reaction forces are eliminated,
and the equations are rearranged to solve for accelerations, they become:

(30)

Zi - — (-Ffl +Fci +M,g)

1
Z2 =

f - M 3 (0 h , sin(0) + (0) ^ h , cos(0)) ^

M2 + M3

(31)

- F^i + (M2+ M3)g - F^bz+ Fs-d
- M 3 ( 0 hi cos(0 ) - (0 )^ hi sin(0 ))

1
^2

-

Mj + M3 + M4

- M 4 ( 0 h 2 cos(0 ) - ( 0 )^ h 2 sin(0 ))
_ F c2 - F c3 - F sbx - F srx

(32)

- M 3 Z3 hi sin(0 ) - M 3 X3 hi cos(0 ) + M 3 ghi sin(0 )

0=

—

Ja3

- Fc2 hi + F, _ 4 h 2 Sin(0) - Kp,i^ (0) - C^^i,, (0)
-(F c 3 + Fsrx)(h 2 cos(0) + h 3 - Z 4 -l-Zj)
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(33)

^4 -

M4

(M 4 S - Fg-d “ F^rz)

(34)

These five equations define the motion of the seat system and can be solved numerically
for any known input (see solution method).

3.2 Inputs
The input to the model is the acceleration of the vehicle floor. Any well-defined
acceleration profile may be used. The form of the input signal is defined as a text file,
with evenly spaced samples of the cabin floor acceleration profile. The program was
originally designed to be used with test data that was taken in units of g’s and will
convert the input file to units of m/s^ automatically. The time step of the input values
must be sufficiently small so that the changes in the signal in between values can be
assumed to be linear. A time step of 0.00002 seconds was used for typical mine blast
inputs. Graphical representations of the input profiles used in this research are shown in
Chapter 4.

3.3 Force Limiters
The seat pan was modeled as a one-dimensional element that only moved in the z
direction. One of three types of connections was used between the vehicle floor (input)
and the seat pan. The first connection type was a rigid connection where the motion of
the seat pan follows that of the floor. The second two types of connections were rope
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springs and honeycomb force limiters. These connections were energy absorbing (EA)
elements.
3.3.1 Rope Springs
Four wire cable rope springs, attached in parallel, was one of the connection types
between the vehicle floor and seat pan that was investigated. The force of the spring was
determined by the compression distance between the seat pan and the vehicle floor along
with a small amount of damping force based on the relative velocity between the floor
and seat pan. Any spring type may be used as long as the force response is known as a
function of deflection and an estimation of the damping constant can be made.
Manufacturer’s data (Figure 14) was used to determine the following equations:

F, = ropeScale

^-74359785.2

+14003416.8 S j ^

(35)

-1037449.5 S j +51636.2 S j
(36)

Srs = Zl - Zq
(IH 1000 L )

(37)

1000 r
'_ A _ '

(38)

^3 = C „ ( zq- Zl)

(39)

F, = F 2 H F3

(40)

where:
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RopeScale

= the number of isolators used

5rs

= the absolute deflection of the rope spring (m)

Çjs

= the damping ratio of the rope spring (assumed to be 0.3).

The exponential equation for F2 was used to prevent the isolator from assuming negative
displacements as it became completely compressed. The forces produced by the rope
spring in tension are assumed to be the negative of the compression forces (ie. Fi = -Fi if
5rs is negative).

W RI806 - 07 Wire Rope Spring
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g
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Figure 14 Wire Rope Spring Force-Deflection Characteristics

3.3.2 Honeycomb isolators
A crushable alum inum h on eycom b panel is a secon d type o f co n n ectio n b etw e en the

vehicle floor and seat pan that was investigated. The panel has a linear load-deflection
curve and uses a spring and a damper to transmit force from the floor to the seat pan. If
the total force of the spring and damping element exceed a specified threshold, the
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honeycomb material will buckle and the load will be limited. Figure 12 represents the
honeycomb isolator by a force limiting element with a small spring on top and a damping
element connected between the floor and seat pan. Since the spring on top of the force
limiter is a mathematical tool used to create the restoring force and is not an actual
physical part, its length should be very small (5 mm) and its stiffness should very high
(20000000 N/m). When the force in the spring and damper exceed the specified load
level, the spring length is recalculated to provide a force equal to the load limit level, and
the thickness of the honeycomb material is reduced accordingly. The spring must have a
high stiffness so that it is never fully compressed.

In the model code, a similar

exponential equation to the one used for the rope spring is used to prevent negative spring
lengths. This continues until the honeycomb is nearly totally compressed, and then the
spring force is multiplied in a similar fashion to the rope spring isolator to prevent the
floor from passing through the seat pan. Figure 15 is the force deflection curve for a
0.762m (3.5in) panel with an 8896N (20001bf) load limit which was used for model
predictions. The equations used to determine the honeycomb behavior are given below.
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Honecomb Panel Force
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Figure 15 Honeycomb Panel Force Deflection Characteristics

^ sp rin g

(^ 0

„
JS.“ he — JSa hcO
t,

^ fl

^hc

^1 )

^ fl

(41)

^ s pspnng
rii

H 1000 6 . ^ ^

(42)

1000 Ôspnng

( ^ s p r in g

^ sp rin g )

^hc

(^ 1

(43)

^o)

where:
Ôspring

the dynamic spring length (m)

5 fl

the dynamic force limiter length (m)

Lspring

the original force limiter spring length (m)

Lfi

the original force limiter length (m)

Khcoi

the original stiffness values of the force limiter spring (N/m)
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Khc

=

exponentially treated stiffness to prevent negative spring lengths (N/m)

Che

=

the damping constant of the honeycomb material (N-s/m).

If Ffl is greater than the force limit, the length of the spring is recalculated so that Fn is
equal to the load limit level until the force limiter is fully compressed (see Equations 44
and 45).

^ s p r in g -

(Z l

^hc

-

Zo ) -

A vprm g

(4 4 )

^hc

5fl = zO- zlH 8 ^ H ( L ^ H Lflo)

(45)

where:
Liim =

the activation force of the load limiter (N).

This new length is reinserted to Equation 41 and Equations 42 and 43 are
recalculated.

3.4 Seat Cushion Model
The seat cushion in this model has a bottom and a back section. A specific seat
cushion design using foam and air is discussed in Chapter 4; however, the model program
can accep t any typ e o f cu sh ion provided that the fo rce-d eflectio n perform ance on the

cushion with a human occupant is known. The forces applied by the cushion can be
approximated by using a spring and a damper. In this case, the forces on the occupant
from the cushion bottom (Fcl) and the cushion back (Fc2 and Fc3) become:
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^ c l ~ ^ c u s h io n ,\

^c2 ~

(Zq

"

Zi)H

^ c u s h i o n , ! ("^ 3 ) ^

(Zq * Zj )

(46)

^ c u s h io n ,2 (-^ 3 )

(4 7 )

where:
Kcushion = the stiffness of the cushion (N/m)
Ccushion =

the damping constant of the cushion (N-s/m).

The values of stiffness and damping may differ between the bottom and back sections
and can be non-linear. See Chapter 4 for an example of non-linear performance that has
been modeled.

3.5 Human Body Model
Masses 2, 3 and 4 represent the human body. The physical parameters of the human
body components are given in Table 6. The rotational stiffness Kpeivis and damping Cpeivis
values in Figure 12 represent the hip joint. The stiffness Kspine and damping Cspine values
associated with the spring and damper between the pelvis and upper torso represent the
spine.
The selection of the physical parameters of the three masses and the spring and
dam per d efin in g the sp in e w as based on a M C K representation o f the hum an b ody

developed by Cheng [5] for use in modeling helicopter seat cushions. Cheng’s two-mass
model is a semi-definite system with a resonance frequency (52.9 rad/sec) and damping
ratio (0.224) equal to that of the DRI model.
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Table 6 Human Body Model Parameters
Component
Legs
Pelvis
Upper Torso

Mass
12
8.18
34.52

K (N/m)

C (N*s/m)

8065.2
96600

513.7
818.8

The lower torso mass recommended by Cheng is divided into a pelvis mass and leg mass
connected by a pin joint. The pelvis is free to rotate about the pin, but the legs are
constrained to move in two dimensions (up-down or forward-back). The assumption of
purely translational motion for the legs was derived from observation of recorded video
test data (see chapter 5, model validation). The mass distribution between the pelvis and
legs is based on nominal human body data obtained from Clauser [26].

The rotational

spring and damper that act on the pelvis at the hip joint were given values corresponding
to a resonance frequency of 5 Hz. The linear spring and damper between the pelvis and
upper torso represent the spine.

The addition of the spring and damping forces are

indicative of spine/lumbar load.

3.6 Restraint Forces
The restraint forces holding the human body model are generated by the lap belt and
the shoulder restraints. For the purposes of this model, four separate seat belts were
created using linear springs, one acting in the z direction and one acting in the x direction
for both the pelvis (lab belt) and the upper torso (shoulder restraint). The seat belts forces
are only applied when the springs are in tension. When the seat belts are slack, no forces
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are applied. The following equations quantify the forces from these springs in terms of
system spatial variables.

X2

(49)

(Zz ■ Z i )

(50)

Fsrx - ^srx

X4

(51)

Fsrz = ^srz

( Z 4 - Zi )

(52)

Psbx
^sbz

-

^sbz

The following table summarizes the values used for the spring constants.

Table 7 Seat Belt Spring Constants
Spring
Ksbz» Ksrz
Ksbx. Ksbx

K (N/m)
100,000
50,000

3.7 Solution Technique
The system of differential equations defined by Equations 30-34 is highly non.linear.
Therefore, it is not possible to solve these equations, using analytic closed form solution
techniques. A finite differencing, marching solution was chosen to solve the equations in
terms of the known input acceleration of the floor. The floor motion is considered to be
unchanged by the presence of the seat and occupant, so the velocity and position of the
floor may be determined by numerical integration using:
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Zo (i H 1) = Zo(0 ^ Zo(i H 1) At

(53)

Zo (i H l) = Zo(0 ^ Zo (i H 1) At

(54)

where:
At

=

the numerical solution time step (s).

After the acceleration, velocity, and position of the floor are fully defined, they are
used to create spring and damper forces in the element that connects the floor to the seat
pan, which in turn start the motion of the seat system. In the marching solution method,
the acceleration of each mass is solved for using a propagation of forces through the
system.

The acceleration of a system mass is solved for in terms of input forces,

generated by springs and dampers, at the (i+1) time step and all other forces at the current
(i) time step. An example equation for the solution of the acceleration of Mi is:

a +1) = ^ (Mj

a +1) + F„ (0 + M , g )

(55)

The forces generated by the motion of the Mo are transmitted to Mi by the spring and
damper between them (Fn) and are resisted by the spring and damper between Mi and M%
(Fcl). T h e v e lo c ity and p o sitio n o f Mi are found u sin g E quations 59 and 60. T h is motion
is then used to calculate cushion compression forces, Fd(i+1), and the process repeats for
each mass above Mi. The order of coordinate marching for each time step is:
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M q ( z ) - M , ( z ) - M z ( z ) - M 3 (8)4 M ;(z) -

(5 6 )

M^(z) -> Mg(x) + M^(x) + Mj(x)

3.7.1 Assumptions and Limitations
The marching solution is a fast and very flexible technique for determining the
system dynamics.

Stability of the solution technique required that the acceleration,

velocity and displacement changes be small compared to the time step. That is, the
frequency of the time step must be much higher than any significant frequency content of
the physical dynamics. Non-zero initial conditions may be specified as required.
The modeling of the human body as a collection of rigid masses is an approximation
for the behavior of the real human body. While it is generally believed that the human
body acts as a somewhat rigid mass when exposed to shock accelerations, it is known that
there is significant absorption of energy in the tissues and muscles of the body. The rigid
body model used here will have a tendency to over predict accelerations and forces,
especially when seat masses impact with the human body masses.

A method for

correcting the system responses to better reflect a flexible human body will be discussed
in Chapter 5.
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CHAPTER 4

PNEUMATIC SEAT CUSHION DEVELOPMENT
Extensive testing at the University of Nevada, Las Vegas Center for Mechanical and
Environmental Technology laboratory has been performed to determine the physical
parameters of the air pneumatic seat cushion. Validation of the shock performance of the
seat cushion was done at the Army Research Laboratory on a drop tower test machine.
The results of these experiments will be summarized in this chapter.

4.1 Seat Cushion Description
The seat cushion air bladder was constructed utilizing a specially configured airfilled, low-density, open-cell foam structure that was encapsulated in an impermeable
outer covering (Figure 16). The air-filled, low-density, open-cell foam structure allows
air to flow from the seat bottom to the seat back. This enables the seat bottom to deflect
over 90 percent of its original thickness before it starts to become infinitely stiff.

4 .2 S eat C u shion M od elin g

The numerical model used to describe this seat cushion was created to predict the
force-deflection performance of the cushion foam and the compression of the air inside
the cushion separately. The total response of the cushion is determined by adding the
45
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force generated by the foam and the force generated by the compression of the air in
parallel. The foam and air forces are non-linear functions of the compression of the
cushion.

Impermeable
outer
covering

Seatback
foam panel

Perimeter
seal

Seat bottom
foam panel

Impermeable
outer
covering

Air vents

Perimeter
seal
Air valve •

■Air inlet

Figure 16 Drawing of Inflatable, Low-Density,
Open-Cell Foam Shock Attenuating Seat Core

The response of the air is determined using an isentropic compression equation.

‘ cush

atm

(57)

-P .atm
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where:
Vi

=

the total volume of the seat cushion (m)

V2

=

the reduced volume of the cushion during compression (m)

Patm =

atmospheric pressure (101325 Pa).

When the seat cushion bottom is compressed, the cross-sectional perimeter of the
cushion surface does not fold, but remains constant. The volume of the back section of
the seat cushion expands in a linear fashion when the seat bottom is initially compressed
until it is fully stretched, after which it ceases to expand further. This results in an initial
reduction in the amount of pressure increase in the cushion during the beginning of the
compression cycle. When these effects are accounted for, the pressure equation for the
cushion becomes:

V

V,

^cush

-P ,

(58)

where:
Pcush — internal cushion pressure (Pa)
EF

=

the expansion factor, a ratio representing the expansion of the seat cushion back
to the compression of the bottom. (0.58)

Vi

=

the original air cushion volume the air cushion (m^)

Vo

=

the original seat cushion bottom volume (m^)

Lieg =

the length of the leg contacting the seat cushion (m)
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Scush =

the z-axis compression of the cushion bottom (m).

The value of ôcush is set to zero if the distance between the occupant and the seat pan is
greater than the original seat cushion thickness to prevent expansion of the cushion
bottom and negative internal pressures.
The foam response is calculated from test data. The test data was fit with an
exponential function:

(59)
(1.005- e f

where:
8

=

the cushion compression divided by the original thickness (cushion strain).

This equation gives the foam force in units of Newtons.
The damping of the seat cushion is variable and depends on the rate of the seat
cushion compression. If the seat cushion bottom compression is high (greater than 0.5
m/s), the compression of the air dominates and damping forces related to bulk flow of the
air inside the cushion are small. For this case, the damping coefficient is lowered to 0.10.
For recovery and all lower rate compressions, the damping ratio is 0.30. For the seat
back, the damping ratio is assumed to be constant. The friction of the legs against the
seat cushion bottom increases the damping constant and this increase is linearly related to
the input acceleration magnitude. Because the damping forces for the x-axis include
frictional forces, the occupant and the seat back are forced to remain in contact at all
times. The seat belts maintain this contact. The pressure force applied by the cushion to
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the occupant acts in the negative x-direction (pushing the occupant into the seat belt) at
all times. The damping forces are directional with velocity. A typical equation used to
determine the damping constant for the seat cushion is shown here.

The constant value (70070 N/m) in the equation is based on an average stiffness
throughout the cushion stroke.

The values used for each damping ratio and the

corresponding damping coefficients are tabulated in Chapter 5
With regards to the numeric model described in Chapter 3, the forces of the cushion
bottom on the legs in the z-axis and the x-axis are given by the following:

Fcl = 2Peush A re a ^

Fc2 = 2 *

h

* Areap,^ h

hC

^ (z^ - z,)

^

(61)

* (x ,)

where:
Pcush

=

the cushion pressure, see Equation 58 (Pa)

Ffoam,2 =

foam generated force, see Equation 63 (N).
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(62)

4.448
foam,2

/

(63)

x 2.7

1.005-

cushionback, org

where
cushionback,org

= the original thickness of the cushion back section (m).

Similarly, the cushion force on the upper mass in the x direction is:

Fc3 = 2 *

* Area,_„
, h C cush,back
torso h F,„_
^ foam,3

(64)

The foam force on the upper torso is calculated by:

foam,3

x2.7

(65)

*4.448

1.005 —
cushionback,org

4.3 Seat Cushion Parameter Identification
A series of three tests was performed on the seat cushion: (1) a dunk tank volume test.
(2) a force compression test and (3) a damping characterization test.
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4.3.1 Volume testing
The seat cushion was dunked in a water tank while fully inflated to estimate its
volume. The results of this test are summarized in Table 8.

Table 8 Seat Cushion Inflated Volumes
Seat Cushion Part
Back
Bottom
Whole

Approximate
Dimensions (m)
0.610 X 0.457 X 0.092
0.457 X 0.457 x 0.092
N/A

Measured
Volume (m^)
0.016
0.026
0.041

4.3.2 Force- compression testing
The seat cushion underwent low speed compressions on a Material Test Systems
hydraulic tensile test machine. The seat cushion bottom was placed between an oversized
aluminum plate on the bottom and a human seat form made from MDF fiberboard. The
human form was approximately the shape of the contact area of a person sitting on the air
cushion and had a surface area of 0.108 m^. The test was run at the maximum speed of
the test machine (0.05m of compression per second) and data was collected from the
machine’s load cell, as well as, a pressure sensor mounted on the fill tube of the air
bladder. The internal pressure of the cushion at the start of the test was 0 psig. The same
procedure was repeated with the bottom of the seat cushion separated entirely from the
back to determine the response of the foam alone. The foam only test data compared to
the exponential fit estimation (Equation 46) is shown in Figure 17.
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Figure 17 Foam Compression Test Results

Figure 18 shows the air pressure sensor data plotted against the predicted results of
Equation 57. The foam and air forces were treated as parallel springs. Figure 19 shows
the results associated with adding the foam and air pressure results
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Figure 18 Air Bladder Pressure Test Results
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Figure 19 Foam - Air System Test Results
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100

The Air + Foam curve represents the compressive force measured by the test machine
load cell on a closed cushion system. The Air curve is derived from the pressure sensor
data from the same test multiplied by 2 times the surface area of the seat form. The Foam
curve is a load cell force measurement from a separate test on a cushion opened to the
atmosphere. Figure 20 shows a comparison between predicted results and measured data
for the cushion force.
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90

100

4.3.3 Damping Estimation
The damping ratio of the cushion was experimentally determined using the half
power point method. The air cushion was placed on top of a electro-dynamic shaker
system with a 150 lb mass on top. This system can be represented as a base input,
single-degree-of-freedom mass-spring-damper system.

The input accelerometer was

mounted to the shaker base and the response accelerometer was mounted to the top of the
mass. A random excitation input (0.962 (m/s^)^/Hz, 1-50 Hz) was used and the real part
of the transfer function was plotted as a function of frequency. The half-power points
occurred at the maximum and minimum of this plot. The resonance frequency was read
from the zero-crossing between the half-power points. The damping ratio of the air
cushion was determined by the frequencies at which the half power points occur by using
the formula:

\2
(0,
CO2

-1
(59)
+1

Test results showed that coi = 3.13 (rad/sec),
resulting damping ratio

of

0.31

(0 2

= 6.56 (rad/sec). The air cushion had a

and a r e so n a n c e fr e q u e n c y o f

5.3 Hz.
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4.4 Seat Cushion Shock Performance
Mine blast testing of vehicle structures is incredibly expensive and difficult to repeat,
so the Army has elected to use drop tower tests to down select seat concepts for further
evaluation. Drop tower tests were conducted with the air bladder seat cushion at the U.S.
Army Research Laboratory in Adelphi, Maryland, on May 18, 2006. A Thor III Hybrid
anthropomorphic dynamic dummy was placed on an air bladder seat cushion, see Figure
21. Two drop heights were used: (a) 30 in. (76.2 cm) and (b) 50 in. (127.0 cm).

Figure 21 Thor III Hybrid Anthropomorphic Dummy Positioned on an Air Cushion

The platform input acceleration into the underside of the air bladder seat cushion is
shown in Figure 22. Figures 23 and 24 show the derived velocity and position of the
d rop to w e r p la tfo rm . T h e 4 0 in ch d rop p lo tte d o n th e graph w a s crea ted b y a v e r a g in g th e

50 inch and 30 inch drops acceleration curves, centered at the same peak accelerations
occur, and is reported here for reference in Chapter 6.
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The resulting measured pelvis accelerations in the z-direction (vertical) and xdirection (front-back) are shown in Figures 25 and 26. The resulting measured spine load
in the z-direction is shown in Figure 27, and the resulting calculated DRI in the zdirection is shown in Figure 28. The injury prediction results are collected in Table 9.
The measured z-axis peak spine load for a peak shock acceleration value of 395 g’s
(3,871 m/s^) associated with the 50 inch drop with the air bladder seat cushion alone was
1,574 Ibf (7,000 N), which is slightly higher than the Army recommended maximum
value of 1,500 lb (6,672 N). The measured z-axis peak acceleration value was 33.2 g’s
(326 m/s^), which is greater than the recommended maximum value of 23 g’s (225.5
m/s^). The z-axis DRI value calculated from the measured acceleration values was 16,
which is less than the maximum DRI value of 17.7 recommended by NATO.

Table 9 Air Cushion Test Results

Drop
Height
(m)
0.762
1.27
Tolerance
Lim

Peak Spine
Load (N)

Dynamic
Response
Index

242.8
324.9

-6191.9
-6946.1

15.1
16.0

225.5

-6672.0

17.7

Peak Z Axis
Input
Acceleration
(ra/s^)

Peak X Axis
Pelvic
Acceleration
(m/s^)

Peak Z Axis
Pelvic
Acceleration
(m/s^)

1132.5
3905.6

74.0
215.5

N/A

N/A
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Figure 22 Platform Accelerations for
30 in. (76.2 cm), 40 in. (101.6 cm), and 50 in. (127.0 cm) Drop Heights
Floor Velocity
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Figure 23 Platform Velocities
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Figure 24 Platform Positions
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Figure 25 Measureii Pelvis x-Axis Acceleration for 30-in. ami 50-in Drops
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Pelvis Z-axis
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Figure 26 Measured Pelvis z-Axis Acceleration for 30-in. and 50-in Drops
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Figure 27 Measured z-Axis Spine Load for 30-in. and 50-in. Drops
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Figure 28 Calculated z-Axis DRI Values for 30-in. and 50-in. Drops
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CHAPTER 5

MODEL VALIDATION
The ARL test results for the 0.762 m (30 in) and 1.27 m (50 in) drops discussed in
Chapter 4 were used to calibrate the numerical model. These drop tower test results with
the air cushion between the ATD and a rigid seat pan were the only two data sets that
were available to the UNLV research team. The model was set up to run with the seat
pan and seat air bladder directly attached to the vehicle floor, and the initial conditions
were applied to all masses in accordance with the velocity reached after falling from the
specified drop heights. Table 10 summarizes the initial conditions that were used. The
platform (floor) acceleration data supplied by ARL contained free fall acceleration values
collected prior to the time of impact. Acceleration values prior to the time of impact
were eliminated from the acceleration data. The simulation began at the first time step
after the platform impacted the inertia base of the drop tower.

Table 10 Drop Tower Testing Initial Conditions
Drop Height (meters / inches)

Initial Velocity (m/s)

1.27/50

4 . 85

1.02/40
4.17**
0.76 / 30
3.73
** The 40 inch drop is a numerical calculation and not an actual test point

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Contact surface areas between the seat cushion and the human occupant were not
available from the test data. The values selected were based on visual observation of test
video recordings and measurements of the seat cushion. Table 11 gives the seat cushion
geometric properties and the contact areas that were common to all test runs. Table 12
gives some of the model constants related to the geometry of the human body
components selected for the model (refer to Figure 12, Chapter 3).

Table 11 Seat Cushion Constants
Constant
cushMaxZ
cushMaxX
volO
volBotO
SeatArea
backArea

pelvisArea
gamma

Description
Un-deflected cushion
bottom thickness
Un-deflected cushion back
thickness
Total original Cushion
Volume
Volume of un-deflected
seat cushion bottom
Contact area of occupant
bottom and seat cushion
Contact area of occupant
upper back and seat
cushion back
Contact area of occupant
lower back and seat
cushion back
Ratio of specific heats for
air

Value
3.625 in (0.092 m)
3.625 in (0.092 m)
2510 in^ (0.041 m3)
1174.5 in3 (0.019 m3)
324 in^ (0.209 m^)
216 in^ (0.139 m^)

216 in^ (0.139 m^)
1.4
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Table 12 Human Body Geometry
Constant

Description

M2

Leg mass

M3

Pelvis mass

8.18 kg

M4

Upper torso mass

32.52 kg

JAmassS
LI
L2
L3
HI
H2
H3

Value
12

Mass moment of inertia of
pelvis about point A
distance point A to e.g.
legs
distance point A to cushion
bottom force

kg

1.65 Kg-m^
0.45 m
0.30 m

length of leg-seat interface

0.60 m

distance point A to e.g.
pelvis
distance point A to top of
pelvis
distance top of pelvis to
e.g. upper torso

0.15 m
0 .2 0

m

0.30 m

5.1 Model Comparisons
The

X-

and z-axis of the dummy pelvis accelerometer were compared to the x- and z-

axis accelerations of M 3 from the model. The z-axis of the dummy spine load cell was
compared to the spring + damping force between

M

3

and

M4.

Information provided by

the Army Research Laboratory indicated that the Thor III ATD has an attenuation factor
of approximately 30% from input values, meaning a z-axis acceleration of 100 g’s at the
dummy seated surface would register as 70 g’s at the dummy pelvic accelerometer. This
is likely due to flexibility of the ATD’s materials and the sensor mountings. The masses
in the numeric model are completely rigid and do not take into account the response of
the ATD; therefore, comparisons between measured data and model predictions will be
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offset by the ATD attenuation.

To eliminate this gap, all accelerations and forces

generated by the model are reported at 70% of full value. The calculated DRI is based on
attenuated acceleration input in order to compare the value to the DRI curve calculated
from the ATD pelvis accelerometer. The positions of the masses; however, are reported
at 100% of calculated values as they pertain to total motion of the seat and occupant and
are not subject to measurement offset.
Results for the 30 in. (0.762m) drop model validation run are listed in Table 13.
Figures 29 and 30 show comparisons of the x- and z-axis pelvic accelerations predicted
by the model with the 30 in. (0.762m) drop test data for varied damping constants of the
cushion. The “medium” damping case represents the damping values finally selected for
use. The predicted peak values for pelvic acceleration are within 9% and 14% of the
measured data z-axis and x-axis values, respectively.

Closer agreement of peak values

may be achieved at the expense of wider or narrower pulse widths. Further testing will
allow for more accurate tuning of the model. The predicted accelerations for both axes
lead their corresponding measured data. The time delay is assumed to be representative
of the time gap between the acceleration wave impinging on the pelvis and the sensor
measuring it. The rigid body model has an ideal response, with all points moving at the
same time. Figure 31 and Figure 32 show the comparison of the spine load and DRI
predictions with measured test data. Peak spine load is in good agreement with the
measured data (-1.9%). This is exceptionally good considering the highly simplified
model of the spine that was used in the model. The DRI peak level also agrees well
(44%). The time traces of both model predictions compared reasonably will with their
corresponding measured data.
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Table 13 0.762m (30 in) Drop Model Validation Results

Output
Measured
Predicted
Percent Error

Pelvic
Acceleration
X - Axis
(m/s^)
74.0
83.9
13.4

Pelvic
Acceleration
Z - Axis (m/s^)

Spine Load
(N)

DRI

242.8
264.6
9.0

-6191.9
-6041.7
2.4

15.1
14.4
4.6

30 inch Drop - P elvis X-axis

200
Low Damping
23.8 N*s/m Compression
237.8 N*s/m Return
713.3 N's/m Back

Medium Damping
356.6 N's/m Compression
713.4 N's/m Return
3566.8 N's/m Back

150

High Damping
1189.0 N's/m Compression
1189.0 N's/m Return
5944.8 N's/m Back

Measured Data

100
?
I

50

•//

I

0.02
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0.18 ^
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-100
-150
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Figure 29 Model Comparison of x-axis Pelvis Acceleration, 30 in. drop
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30 inch Drop - P elvis Z-axIs
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Figure 30 Model Comparison of z-axis Pelvis Acceleration, 30 in. drop
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Figure 31 Model Comparison of Spine Load, 30 in. drop
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30 inch Drop - DRI

20
Medium Damping
356.6 N's/m Compression
713.4 N's/m Return
3566.8 N's/m Back

15

•“
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Figure 32 Model Comparison of DRI, 30 in. drop

The next set of plots (Figures 33-36) represents the same series of comparisons for the 50
in. (1.27 m) drop. The test results are summarized in Table 14.

Table 14 1.27m (50 in) Drop Model Validation Results

Output
Measured
Predicted
Percent Error

Pelvic
Acceleration
X - Axis (m/s^)
215.5
166.0
23.0

Pelvic
Acceleration
Z - Axis (m/s^)
324.9
318.8
1.9

Spine Load
(N)

DRI

-6946.1
-6984.4
0.6

16.0
16.9
5.6
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The percent difference for the peak x-axis accelerations was -23%, which is due to the
simplification of the model concerning frictional contact between the legs and the seat
bottom (see discussion below). The acceleration peak can be forced to be equal to the
measured peak, but the seat belt gives a corresponding return acceleration not seen in the
measured data. It is believed that the ATD “submarines” the seat belt a small amount
during the test, which accoimts for the relatively small measured negative x-acceleration.
The peak z-axis acceleration prediction is within 2%. The peak spine load and DRI
levels are 1% and 6% greater than the measured data.

50 inch Drop - P elvis X-axIs
250

200

Medium Damping
356.6 N's/m Compression
713.4 N's/m Retum
1189.0 N's/m Back

Low Damping
23.8 N's/m Compression
237.8 N's/m Retum
713.3 N's/m Back

—
High Damping
1189.0 N's/m Compression
1189.0 N's/m Return
5944.8 N's/m Back
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Measured Data
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Figure
33 Model Comparison of x-axis Pelvis Acceleration, 50 in. drop
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50 inch Drop - P elvis Z-axis
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Figure 34 Model Comparison of z-axis Pelvis Acceleration, 50 in. drop
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Figure 35 Model Comparison of Spine Load, 50 in. drop
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50 Inch Drop - Dynamic R esp on se Index
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Figure 36 Model Comparison of DRI, 50 in. drop

5.1.1 Damping Constants
Damping forces inside the cushion and frictional forces on the cushion surfaces are
not easily measured. Therefore, some assumptions were made about their nature. It was
decided to treat both types of damping as linear and to add their effects together in
parallel in the form of a higher damping constant. The seat cushion back and the human
occupant were assumed to be in contact at all times, unlike the seat cushion bottom where
the occupant was allowed to break contact with the seat (see Chapter 3, Seat Cushion
Model). In the preceding plots, the damping constants used with the seat cushion back
differed between the two drop heights.

This was necessary to account for assumed

differences in friction coefficient between the legs and the seat cushion bottom in the x-
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axis for the two cases. The sliding friction coefficient is related to the normal force of the
body pressing down on the cushion bottom. The normal force will be reduced for higher
drops because the occupant rebounds from the seat cushion more quickly. Although the
cushion bottom and back sections are internally connected, changes in the bottom
damping coefficient had limited effect on the x-axis acceleration. Similarly, changes in
the cushion back damping coefficient had little influence on the z-axis accelerations. The
damping values were chosen to best match the acceleration profiles and to give realistic
positions for the associated masses. The damping ratios and constants selected for the
seat cushion bottom and back sections are reported in Tables 15 and 16.

Table 15 Seat Cushion Bottom Damping Constants
Mode

Damping Ratio Ç

Compression > 0.5 m/s
Recovery
Compression < 0.5 m/s

0.15
0.30
0.30

Damping Coefficient
(N*s/m)
356.6
713.4
713.4

Table 16 Seat Cushion Back Damping Constants
Drop Height

Damping Ratio Ç

50
40
30

0.5
1.0
2.0

Damping Coefficient
(N*s/m)
1189.0
713.4
3566.8
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CHAPTER 6

MODEL RESULTS
The numeric model was used to simulate the shock reduction capabilities of different
energy absorbing devices. Test cases included the 0.762m (30in), 1.02m (40in), and
1.27m (50in) drop height input acceleration curves (Figure 22) with the associated
velocity curves (Figure 23), displacement curves (Figure 24) and initial conditions (Table
10). Comparison runs were made for the air bladder cushion only, the air bladder with
rope spring force limiters, and the air bladder with a crushable honeycomb force limiter.

6.1 Forces and Accelerations
The force deflection performance of these devices was discussed in Chapters 3 and 4.
The rope spring had a total available deflection of 2.7 in. (0.068 m). The honeycomb
panel had a crushable depth of 3 in. (0.0762 m) and a 2000 Ibf (8896 N) load limit. The
outputs of the model were the pelvic acceleration in the x and z directions, spine load,
and DRI. Tables 17-19 give the peak values of these outputs that are used to determine
injury potential for each drop height input.

Plots of these outputs are available in

Appendix 1 and Appendix 3. Typical plots for the 50 inch drop are presented in Figures
37 through 40. The 50 inch drop was the most severe case of interest to the Army. The
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figures clearly show the advantage of using the rope springs and crushable honeycomb
force limiter in conjunction with the air bladder seat cushion.

Table 17 30 inch Drop Model Predictions

Output
Cushion
Only
Cushion +
Spring
Cushion +
Honeycomb

Pelvic
Acceleration
X - Axis (m/s^)

Pelvic
Acceleration
z - Axis (m/s^)

Spine Load
(N)

DRI

83.9

264.6

-6041.74

14.4

46.2

149.6

-4210.58

10.1

64.0

205.9

-5026.15

12.0

Pelvic
Acceleration
X - Axis (m/s^)

Pelvic
Acceleration
z - Axis (m/s^)

Spine Load
(N)

DRI

115.9

291.9

-6432.8

15.4

63.5

161.1

-4509.7

10.9

81.0

205.8

-5155.0

12.4

Pelvic
Acceleration
X - Axis (m/s^)

Pelvic
Acceleration
z - Axis (m/s^)

Spine Load
(N)

DRI

166.0

318.8

-6984.4

16.9

96.9

179.2

-5367.6

13.1

102.0

190.7

-5344.4

13.1

N/A

225.5

6672

17.8

Table 18 40 inch Drop Model Predictions

Output
Cushion
Only
Cushion +
Spring
Cushion +
Honeycomb

Table 19 50 inch Drop Model Predictions

Output
Cushion
Only
Cushion +
Spring
Cushion +
Honeycomb
Recommended
Limit
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50 inch Drop - Pelvis X-axis
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Figure 37 50 inch drop force limiter comparison, Pelvis x-axis acceleration
50 Inch Drop - P elvis Z-axis
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Figure 38 50 inch drop force limiter comparison. Pelvis z-axis acceleration
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50 Inch Drop - Spine Load
2000 1
1000

TT
0.30

0.40

-1000
-2000
Bladder Only

s -3000
Bladder with Spring

-4000
Bladder with Force Limiter

-5000
-6000
-7000
-8000
Time (sec)

Figure 39 50 inch drop force limiter comparison, Spine Load
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Figure 40 50 inch drop force limiter comparison, DRI
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The DRI value for the cushion only case for the 50-in. (1.27 m) drop height was 16.9,
which is below the NATO limit (17.7). However, the peak z-axis pelvic acceleration is
above the Army recommended limit of 225 m/s^. While this acceleration is not high
enough to cause soft tissue injury (see chest injury criteria), it highlights an important
feature of DRI. The calculation method for determining DRI was designed to blend the
effects of peak level and time duration into one “acceleration exposure” number.
Because of this, the calculation will assign a low weight to very high accelerations with
short durations. The pelvic acceleration time history should be checked to ensure that the
level is within human tolerance rather than relying solely on DRI alone.
With the use of the cable rope springs and the crushable honeycomb force limiter, the
acceleration, spine load, and DRI values were substantially reduced. Figure 37-39 show
that there is little difference in terms of accelerations (and consequentially spine forces)
between the cable rope spring and the crushable honeycomb force limiter. This is the
expected result if either element does not bottom out. A certain acceleration profile is
required to match the velocity of the seat occupant with that of the cabin floor. This
velocity is the same for each run, so the plots are very close. The air bladder seat cushion
alone bottoms out so that the internal foam is crushed and the stiffness is greatly
increased. The effect is higher peak accelerations than when either the cable rope spring
or the crushable honeycomb force limiter is used.
Figure 41 is a plot of z-axis pelvic accelerations for different drop heights when the
crushable honeycomb force limiter is used.

It shows that if the input signal is large

enough to activate the force limiter, the acceleration profile remains more or less
consistent, regardless of input level.

If the honeycomb material is activated and
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functioning as a linear force limiter, the force on the occupant should be equal to the load
limit of the panel. The mass of the occupant does not change; therefore, the acceleration
profile should be the same. The same plot for the bladder and the rope spring is shown in
Figure 42.

The rope spring forces are dependant on deflection and the resulting

accelerations will change with the input level.

Pelvis Z-axIs Response, Bladder + Force Limiter
250
50 Inch

30 inch

40 Inch

200
150

?
I 100
1
<§

50

0.20

0.40

0.50

"50 -

-100
Time (sec)

Figure 41 Pelvis Acceleration, z-axis. Bladder -+- Honeycomb Force Limiter
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Pelvis Z-axIs R esponse, Bladder + Rope Spring
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Figure 42 Pelvis Acceleration, z-axis, Bladder ■+• Spring

6.2 Displacements
The main difference between the cable rope spring and the crushable honeycomb
force limiter can be seen in plots of the absolute position of the pelvis. The positions of
the pelvis in the z direction are presented in Figures 43-45 for the 50-in. (1.27 m) drop
height. Figure 46-47 show the corresponding compression distances for the air bladder
seat cushion, cable rope spring, and crushable honeycomb force limiter. Appendix 2
contains a complete set of plots for all three drop heights.

The curves labeled “Bladder

Only” refer to cases where the air cushion is used on top of the seat pan, which is rigidly
connected to the vehicle floor. The curves labeled “Bladder with Spring” represent an air
cushion placed on the seat pan and a coil spring installed beneath the seat pan. The
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curves labeled “Bladder with Force Limiter” apply to an air cushion on the seat pan and a
crushable honeycomb panel installed below the seat pan. The cable rope spring stores
energy and spreads out the acceleration profile in time so that the peak level is lowered.
This achieves the goal in terms of injury prevention; however, even though the spring has
some damping associated with it, the bulk of the stored energy is returned to the occupant
during recovery. In the case of the 50 inch (1.27 m) drop, the maximum spring back was
approximately 1 in (0.02 m) (See Figure 44 between 0.10 and 0.20 s.). This spring back
effect, although tolerable in terms of acceleration, may result in the crewmember
impacting the roof of the vehicle. The seat cushion air bladder alone has relatively little
spring back, confirmed by the pelvis z-axis position plot and video test recordings. The
crushable honeycomb force limiter is designed to have negligible spring back.
The rotation of the pelvis that is shown in Figure 45 is less than 5 degrees for all
cases, except the air cushion alone where it is approximated 5.3 degrees. This is an
important condition to be met in order to use the DRI scale recommended by NATO.
The overall rotation of the pelvis can be adjusted in the model by selecting a stiffer pelvis
spring (Kpeivis in Figure 11); however this will also affect the x- and z-axis acceleration
values.
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Figure 44 50 inch drop, Pelvis Position z-Axis
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Figure 46 50 inch drop. Bladder Compression
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0.60

The compression of the seat eushion air bladder is understandably greatest when used
without either the cable rope spring or the crushable honeycomb force limiter. It does not
appear to be completely compressed for the 50-in. (1.27 m) drop height in Figure 46.
This is because of the way the air bladder compression is represented mathematically as a
single-axis bulk property. Test data indicates that there is local compression under the
legs and pelvis that exceeds the overall compression level predicted by the model, but the
foam in the cushion cannot be completely compressed to zero thickness.
The plots of the compression distances for the cable rope spring (Figure 47) and the
crushable honeycomb panel (Figure 48) show that neither element completely
compresses, but that almost all of the available stroke length is used for the chosen
physical properties of each element. This is ideal for the 50-in. (1.27 m) drop height test
case.

The properties of these elements (Chapter 3) have been selected to provide

acceptable injury protection according to the established injury criteria when exposed to
the 1.27m (50in) input. Higher input levels may result in injurious forces; however,
according to the Army, the 395-g (3,875 m/s^) input already includes an overestimation
of the expected mine blast exposure level.

6.3 Occupant Weight
The model has been run to ensure that the seat design will function for occupants that
are lighter or h eavier than the n om inal m ass u sed for testing. T he lig h tw eig h t occu p an t

(59.7 kg) was assumed to be 80% of the nominal level (74.7 kg). The heavy occupant
was 120% (89.6 kg) of the nominal level. The model outputs for the two cases are shown
in Tables 20 and 21 and are plotted in Appendix 4. For the lightweight occupant, the
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accelerations and DRI levels are higher and the spine force is lower. The z-axis pelvic
acceleration exceeds the maximum limit recommended by the Army even when the
honeycomb isolator is used. The cable rope spring results in better performance for this
occupant. For the heavy occupant, the spine force increases and the accelerations and
DRI decrease. The spine load is within tolerance for both the cable rope spring and the
crushable honeycomb force limiter. For the heavy occupant, the honeycomb gives better
all around performance.

Table 20 50 inch Drop Model Predictions, 80% Occupant Weight

Output
Cushion
Only
Cushion +
Spring
Cushion +
Honeycomb
Recommended
Limit

Pelvic
Acceleration
X - Axis (m/s^)

Pelvic
Acceleration
z - Axis (m/s^)

Spine Load
(N)

DRI

180.4

337.3

-6322.7

17.0

102.3

187.7

-4532.9

13.0

127.2

235.9

-5074.5

14.0

N/A

225.5

6672

17.8

Table 21 50 inch Drop Model Predictions, 120% Occupant Weight

Output
Cushion
Only
Cushion 4Spring
Cushion +
Honeycomb
Recommended
Limit

Pelvic
Acceleration
X - Axis (m/s^)

Pelvic
Acceleration
z - Axis (m/s^)

Spine Load
(N)

DRI

155.0

304.2

-7567.8

16.9

112.9

218.0

-5952.2

13.1

84.5

159.3

-5584.8

12.2

N/A

225.5

6672

17.8
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CHAPTER?

SUMMARY OF RESULTS, CONCLUSIONS AND RECOMMENDATIONS
The research into the development of seat shock isolation system has resulted in two
major products, a numerical model and a recommended seat shock isolation design.

7.1 Numerical Model Validation
1. A two-dimensional, five-degree-of-freedom, mass-spring-damper model of the upper
legs, thighs, pelvis/lower-torso and upper torso coupled to seat shock isolation system
has been developed and validated. The model included the parametric characteristics
for a seat cushion air bladder, cable rope springs, and a crushable honeycomb panel
load limiter.
2. Features of the model include:
a. The model may be tailored to accommodate various seat system component
responses and may also be adjusted for different occupant weights and
geometries.
b. The architecture of the model allows for individual runs to be made on the order
o f a fe w secon d s, m ak ing it an ideal d esign to o l for the a ssessm en t o f seat sy stem

components.
c. The inputs to the model are the initial velocities and positions of each mass
representing the seat system and occupant.

The model can also accept any
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acceleration profile of the vehicle floor, provided it is evenly spaced and of
sufficiently small time step,
d. The outputs of the model are the positions, velocities, and accelerations of the
system masses, the forces of the connecting elements, such as the seat cushion
force, the load limiter force, and spinal force, and the Dynamic Response Index
based on pelvic z-axis acceleration.
3. With regard t o a l l 8 g ( l , 1 5 8 m/s^) peak 10 ms shock input to the seat system with
only the seat cushion air bladder, the deviation between the measured and predicted
x-axis pelvis acceleration was 13.4 percent. The deviation for the z-axis acceleration
was 9 percent. The deviation for the spinal load was 2.4 percent. The deviation for the
DRI was 4.6 percent.
4. With regard to a 395 g (3,875 m/s^) peak 5 ms shock input to the seat system with
only the seat cushion air bladder, the deviation between the measured and predicted
x-axis pelvis acceleration was 23 pereent. The deviation for the z-axis acceleration
was 1.9 percent. The deviation for the spinal load was 0.6 percent. The deviation for
the DRI was 5.6 percent.

7.2 Numerical Model Results
1. With regard to a 118 g (1,158 m/s^) peak 10 ms shock input to the seat system with
only the seat cushion air bladder, the z-axis pelvis acceleration was 264.6 m/s^, which
slightly exceeded the acceleration of 225.6 m/s^ allowed by the U.S. Army. The spine
load was 6.041.7 N, which was less than the 6,672.3 N allowed by the U.S. Army.
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The DRI was 14.4, which was less than the DRI of 18 allowed by the U.S. Army and
the DRI of 17.7 allowed by NATO.
2. With regard to a 395 g (3,875 m/s^) peak 5 ms shock input to the seat system with
only the seat cushion air bladder, the z-axis pelvis acceleration was 318.4 m/s^, which
exceeded the acceleration of 225.6 m/s^ allowed by the U.S. Army. The spine load
was 6,984.4 N, which slightly exceeded the 6,672.3 N allowed by the U.S. Army. The
DRI was 16.9, which was less than the DRI of 18 allowed by the U.S. Army and the
DRI of 17.7 allowed by NATO.
3. With regard to a 395 g (3,875 m/s^) peak 5 ms shock input to the seat system with the
seat cushion air bladder and the cable rope springs, the z-axis pelvis acceleration was
179.2 m/s^, which is less than the acceleration of 225.6 m/s^ allowed by the U.S.
Army. The spine load was 5,367.6 N, which was less than the 6,672.3 N allowed by
the U.S. Army. The DRI was 13.1, which was less than the DRI of 18 allowed by the
U.S. Army and the DRI of 17.7 allowed by NATO.
4. With regard to a 395 g (3,875 m/s^) peak 5 ms shock input to the seat system with the
seat cushion air bladder and the crushable honeycomb panel load limiter, the z-axis
pelvis acceleration was 190.7 m/s^, which is less than the acceleration of 225.6 m/s^
allowed by the U.S. Army. The spine load was 5,344.4 N, which was less than the
6,672.3 N allowed by the U.S. Army. The DRI was 13.1, which was less than the DRI
of 18 allowed by the U.S. Army and the DRI of 17.7 allowed by NATO.
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7.3 General Conclusions
1. With regard to the z-axis pelvis acceleration, spine load and DRI, the agreement
between the drop tower test results and the corresponding model predictions was
good. The comparison with regard to the x-axis pelvis acceleration was marginal.
However, the x-axis pelvis acceleration is not used in injury assessment.

The

application of the dummy response used in the x-axis may be greater than the actual
response of the ATD, but no external information was available to quantify the
dummy attenuation. The z-axis attenuation factor was used for the x-axis response.
2. A seat shock isolation system with only the seat cushion air bladders when exposed to
a 395 g (3,875 m/s^) peak 5 ms shock input to the seat system will meet the U.S.
Army injury criterion requirement of a maximum DRI of 18 and the NATO injury
criterion requirement of a maximum DRI of 17.7. It will not meet the U.S. Army zaxis and spine load injury criteria.
3.

A seat shock isolation system with the seat cushion air bladders and with either the
cable rope springs or the crushable honeycomb panel load limiter when exposed to a
395 g (3,875 m/s^) peak 5 ms shock input to the seat system will meet the injury
criteria of the U.S. Army criteria of a maximum z-axis pelvis acceleration of 225.6
m/s^, a maximum spinal load of 6,672.3 N and a maximum DRI of 18.

4. A seat shock isolation system with the seat cushion air bladders and with either the
cable rope springs or the crushable honeycomb panel load limiter when exposed to a
395 g (3,875 m/s^) peak 5 ms shock input to the seat system will meet the NATO
injury criterion requirement of a maximum DRI of 17.7.
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5. The two-dimensional, five-degree-of-freedom, mass-spring-damper model of the
upper legs, thighs, pelvis/lower-torso and upper torso coupled to seat shock isolation
system can be used to conduct parametric studies with regard to variation in the
system parameters that characterize the seat cushion air bladder and the resilient
elements or load limiters that support the seat shock isolation system.
6. The two-dimensional, five-degree-of-freedom, mass-spring-damper model of the
upper legs, thighs, pelvis/lower-torso and upper torso coupled to seat shock isolation
system can be used to validate and calibrate finite element models of proposed seat
shock isolation systems.
7. The assumed values for the seat cushion damping in the z-axis and the cushion back
damping and frictional damping in the x-axis had a significant effect on the
acceleration response of the model.

7.4 Recommended Seat Design
Two seat shock isolation system concepts have been designed using the numerical model
and readily available commercial components.

Both designs use air-pneumatic seat

cushion technology. For force limiting, one design uses coil rope spring isolators and the
other uses an 8896N (20001bf) honeycomb panel force limiter that is sized to fit in current
U.S. military vehicle envelopes. Table 22 gives the numerical model predictions for the
performance indicators when the seat design with a standard weight occupant is exposed
to a 395g peak input with a duration of 5ms, which is typical of mine blast exposure
levels.
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Table 22 Model Predictions for Recommended Seat Designs
System
Cushion + Rope
Spring
Cushion +
Honeycomb

Peak z-axis pelvic
acceleration (m/s^)

Spine load (N)

DRI

179.2

5368

13.1

191

5344

13.1

These levels are acceptable according to Army and NATO recommendations for the
survivability of the seated crewmember exposed to a mine blast. A prototype of the seat
system is being assembled at UNLV, and preliminary testing of system components is
being performed. A schematic of the prototype seat system fitted with coil rope spring
isolators is shown in Figure 49. The same seat with honeycomb panel force limiters is
shown in Figure 50.

Figure 49 Prototype Seat Design with Coil Rope Springs
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Figure 50 Prototype Seat Design with Honeycomb Panel Force Limiters

7.5 Ongoing Research
Verification of the model predictions for the performance of the prototype seat system
will consist of drop tower testing done at the Army Research Lab. The Thor III ATD will
be used for these tests and will provided excellent data to fine tune the model. Based on
the ARL drop tower testing results, the prototype seat may be approved for actual mine
blast exposure testing in a new military vehicle core structure.
The UNLV research team has constructed a drop tower test platform for preliminary
evaluation of seat concepts.

The data from these tests can also be used for model

refinement. A single degree of freedom ATD that has been constructed for UNLV use
will be used as the occupant.
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Further development of the air seat cushion is also in progress. A variety of foams
are being investigated, as well as other methods to control the damping of the cushion.
Puncture resistant coverings are also being considered. Once the shock behavior of the
new cushions is ascertained, predictive equations can be determined and inserted into the
model to calculate the response of the whole seat system.

7.6 Recommendations
The numeric model has been designed to mimic the ARL drop tower and Thor 111
dummy response. Modifications will need to be made to accommodate a different ATD,
such as the one currently employed by UNLV. The design of this ATD is much simpler
than the Thor 111, so the numerical model may only need a single axis to capture all the
physics of the ATD response.

Tri-axial measurement of the ATD will indicate if a

significant cross talk signal is present for the UNLV ATD.
The ARL drop tests were conducted with a zero-degree, full upright back angle of the
ATD and the model has been designed accordingly. Most commercial seat designs have
a seat back angle of around 10 degrees. The model will need to be modified to include
this by altering the statically undeflected position of the hip spring and the initial
conditions of the pelvis rotation. It may also be necessary to account for the angular
difference between the coordinate frames of the ATD sensors and the absolute coordinate
fram e o f th e m od el if the back an gle is increased.

The damping of the air cushion has been difficult to quantify. The internal structure
of the air bladder has several variables that can be altered which will affect the damping
force. Several test cases will need to be run to determine the relationship of these factors
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to the damping response. Modeling the flow of the air inside the cushion may be possible
once the damping forces are better understood.
Currently, frictional forces in the x-axis are not handled separately from the cushion
back damping. If the test data shows poor agreement in the x-axis, the frictional effects
should be decoupled from the cushion damping effects. In order to quantify the sliding
friction, estimation of the contact force between the cushion and the occupant and of the
contact friction factor will be necessary. This may be complicated by the presence of
clothes on the ATD.
Lastly, robust design techniques, in terms of experimental design, will be highly
useful in designing the seat system to perform well in a military environment. The basic
tenant of robust design is to reduce variability in the performance of the seat system when
it is exposed to external noise factors. The weight of the occupant and the strength of the
blast are examples of typical noise factors. After the variability in performance has been
minimized, the average performance of the seat can be steered to meet operational goals.
In order to produce a working prototype seat system in a short time period, the design of
the seat system was based on components that were readily available. There were few
properties about the components that could be adjusted to significantly affect the system
performance, so robust design could not successfully be applied. When the new seat
cushion and the force limiting components are available, robust design of experiments
will aid in creating an optimal seat system.
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APPENDIX 1

FORCE LIMITER COMPARISON PLOTS
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Figure A l-2 30 Inch Drop, Z-axis Pelvic Acceleration
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Figure A l-6 40 Inch Drop, Z-axis Pelvic Acceleration
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Figure A l-9 50 Inch Drop, X-axis Pelvic Acceleration
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APPENDIX 2

FORCE LIMITER POSITION PLOTS
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30 inch drop - Pelvis Position X-axIs
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0.05
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Figure A2-1 30 inch drop, Pelvis X-axis Position
30 Inch drop - P elvis Position Z-axis
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0.08

X
0.06

0.04

?
5
I

0. K)
•
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Figure A2-2 30 inch drop. Pelvis Z-axis Position
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30 inch drop - Pelvis Rotation
0.5

0.20

0.30

0.40

0.50

0.10

I

I
I

-1.5
Bladder Only

Bladder with Spring
-2.5
Bladder with Force Limiter

Time (sec)

Figure A2-3 30 inch drop. Pelvis 0-axis Position
30 inch drop - Bladder C om pression
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Figure A2-4 30 inch drop. Bladder Compression
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0.60

30 inch drop - Spring Com pression
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Ê
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Figure A2-5 30 inch drop. Spring Compression
30 inch drop - Force Limiter Compression
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0.08
§ 0.05
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0.03

0.02
0.01
0.00

0.10

0.30
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0.40

Figure A2-6 30 inch drop. Honeycomb Compression
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40 Inch drop - Pelvis Position X-sxIs
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Figure A2-7 40 inch drop. Pelvis X-axis Position
40 Inch drop - P elvis Position Z-axIs
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Figure A2-8 40 inch drop. Pelvis Z-axis Position
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0. iO

40 Inch drop - Pelvis Rotation
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Figure A2-9 40 inch drop, Pelvis 0-axis Position
40 Inch drop - Bladder Com pression

0.1
0.09

0.08

0.07
Bladder Only

//

Bladder with spring

0.05
Bladder with Force Limiter
O 0.04

0.03

0.02
0.01

-

0.00

0.10

0.20

0.30

0.40

0.50

Time (see)

Figure A2-10 40 inch drop. Bladder Compression
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0.60

40 Inch drop - Spring Com pression
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Figure A 2-1140 inch drop, Spring Compression
40 inch drop - Force Limiter Com pression
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Figure A2-12 40 inch drop, Honeycomb Compression
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0.60

so Inch drop - Pelvis Position X-axIs
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Figure A2-13 50 inch drop. Pelvis X-Axis Position
50 inch drop - P elvis Position Z-axis
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Figure A2-14 50 inch drop, Pelvis Z-Axis Position
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50 inch drop - Pelvis Rotation
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\0.30^,

/ 0.40

I

I
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Bladder with spring

Bladder with Force Limiter
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Figure A2-15 50 inch drop. Pelvis 0-Axis Position
50 inch drop - Bladder Com pression

0.09
0.08
0.07
Bladder Only
Bladder with Spring

0.05
Bladder with Force Limiter

u 0.04
0.03

0.02
0.01
0.00

0.10

0.20

0.40

0.50

Time (sec)

Figure A2-16 50 inch drop, Bladder Compression
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so Inch drop - Spring Com pression
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Figure A2-17 50 inch drop, Spring Compression
50 Inch drop - Force Limiter Com pression
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Figure A2-18 50 inch drop. Honeycomb Compression
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0.50

APPENDIX 3

INPUT COMPARISON PLOTS
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Pelvis X-axis R esponse, Biadder Oniy
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Figure A3-1, Pelvis X-axis Acceleration, Bladder Only
Pelvis Z-axIs R esp onse, Bladder Only
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Figure A3-2 Pelvis Z-axis Acceleration, Bladder Only
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Spine Load, Bladder Only
2000
50 Inch

30 inch

40 Inch
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1.30
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-7000
-8000
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Figure A3-3 Spine Load, Bladder Only
Dynamic R esp on se Index, Bladder Only
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Figure A3-4 Dynamic Response Index, Bladder Only
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Pelvis X-axis R esponse, Bladder + Rope Spring
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Figure A3-5 Pelvis Acceleration, X-axis, Bladder 4- Rope Spring
Pelvis Z-axIs R esponse, Bladder + Rope Spring
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Figure A3-6 Pelvis Acceleration, Z-axis, Bladder -t- Rope Spring
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Spine Load, Bladder + Rope Spring
2000
50 Inch

30 inch

40 Inch
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-4000
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Figure A3-7 Spine Load, Bladder + Rope Spring
Dynamic R esp on se Index, Bladder + Rope Spring
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g
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Figure A3-8 Dynamic Response, Bladder + Rope Spring
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Pelvis X-axis R esponse, Bladder + Force Limiter
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Figure A3-9 Pelvis Acceleration, X-axis, Bladder 4- Honeycomb Isolator
Pelvis Z-axis R esp on se, Bladder + Force Limiter
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Figure A3-10 Pelvis Acceleration, Z-axis, Bladder + Honeycomb Isolator
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Spine Load, Bladder + Force Limiter
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Figure A3-11 Spine Load, Bladder + Honeycomb Isolator
Dynamic R esp on se Index, Bladder + Force Limiter
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Figure A3-12 Dynamic Response Index, Bladder 4- Honeycomb Isolator
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APPENDIX 4

OCCUPANT WEIGHT COMPARISON PLOTS
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so Inch Drop - Pelvis X-axIs
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Figure A4-1, Pelvis X-axis Acceleration , 80% Occupant Weight
50 Inch Drop - P elvis Z-axIs
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Figure A4-2 Pelvis Z-axis Acceleration, 80% Occupant Weight
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so Inch Drop - Spine Load
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Figure A4-3 Spine Load, 80% Occupant Weight
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Figure A4-4 Dynamic Response Index, 80% Occupant Weight
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50 Inch Drop - Pelvis X-axIs
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Figure A4-5 Pelvis Acceleration, X-axis, 120% Occupant Weight
50 inch Drop - P elvis Z-axIs
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Figure A4-6 Pelvis Acceleration, Z-axis, 120% Occupant Weight
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50 inch Drop - Spine Load
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Figure A4-7 Spine Load, 120% Occupant Weight
50 inch Drop - Dynamic R esp on se index
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Figure A4-8 Dynamic Response, 120% Occupant Weight
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APPENDIX 5

DERVIATION OF DYNAMIC RESPONSE INDEX
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The Dynamic Response Index is based on the response of a single degree of
freedom, mass-spring-damper system to a base input.

Figure A5 is a diagram of the

system.

*
s

f

Figure A5 Dynamic Response Index Diagram

If Z2 is defined as the position of the mass and z\ is the position of the base, the force
balance equation for this system can be written:

=M*

4- C * ( ± 2 - Zi ) + K * (Z; - z, ) = 0

(A5-1)

Let 8 be equal to the difference between zz and zi so that:

S = (Z2 - Z j )

(A5-2)

Ô = (Z2 - z , )

(A5-3)

Ô = (Z2 - z , )

(A5-4)
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Dividing Equation A5-1 by M and substituting Equations A5-2 through A5-4 gives:
Ô+ — *(0) + — *(0) = z,
M
M
‘

(A5-5)

The equations for resonant frequency and damping ratio are:

Substituting Equation A5-7 into A5-5 gives the familiar form of the DRI equation:
Ô+2Çco„ *(ô) + û)„'*(ô) = z,

(A5-8)

In this equation, cOn is given a value of 52.9 rad/sec and Ç is defined as 0.229.
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